Introduction {#Sec1}
============

Autophagy is a continuous process that proceeds from initiation to the digestion of the autophagosome^[@CR1],\ [@CR2]^. Hence, the autophagy process is also called autophagic flux, and the strength of the end result of this process is often viewed as representing the strength of autophagy. Although some researchers have correlated pathologically increased autophagy in some conditions with cell death, autophagy is regarded as a cytoprotective process under most conditions. Many nerve injuries, including brain trauma and injuries caused by neurodegenerative diseases, such as Parkinson's disease and Alzheimer's disease, are associated with reduced autophagy^[@CR3]--[@CR6]^.

Traumatic brain injury (TBI) is one of the most common types of brain injury. Many recent studies have shown that there is a marked increase in the number of autophagosomes in brain cells surrounding the wound following TBI. However, whether autophagy is enhanced or weakened by TBI remains controversial^[@CR7]--[@CR15]^. The results of some studies have shown that, in moderate TBI, the initiation of autophagy is unchanged, and autophagosomes accumulate in cells but do not exert a cytoprotective effect^[@CR16]^. A separate report found that in mild TBI, the number of autophagosomes was increased and autophagy appeared to reduce brain damage^[@CR17]^. We evaluated these two viewpoints and found that impaired autophagic flux might not occur in mild TBI, in which autophagosomes were effectively transformed into autolysosomes, ultimately enhancing autophagy. This finding suggests that the strength of autophagy is represented not only by the initiation of autophagy but also by normal autophagic flux. Our results, in combination with the results from numerous previous studies on autophagy after TBI^[@CR7]--[@CR17]^, demonstrate that the critical point at which autophagy becomes impaired after TBI is likely to lie between mild and moderate injury. TBI results in the production of a large amount of adenosine. Adenosine subsequently activates adenosine A~2A~ receptors (A~2A~Rs), thereby promoting an inflammatory reaction and brain edema, both of which are associated with the severity of trauma. Conversely, in moderate and severe TBI, A~2A~R inhibition exerts protective effects on both acute injury and chronic cognitive impairment^[@CR18]^. Whether the role of A~2A~R in moderate TBI is related to the observed impairment of autophagic flux in brain cells remains unclear.

To explore the above questions, we first analyzed the levels of autophagy-related proteins and expression of autophagy-related genes to determine whether there are differences in autophagic flux among subjects with mild, moderate and severe TBI. Next, we compared the levels of autophagy-related proteins and expression of autophagy-related genes in brain tissues obtained from wild type (WT) and A~2A~R knockout (KO) mice after moderate TBI, and we found that A~2A~R contributes to the impairment of autophagic flux observed in brain cells in TBI.

Results {#Sec2}
=======

Different severities of trauma induce different levels of autophagic flux in the ipsilateral cortex {#Sec3}
---------------------------------------------------------------------------------------------------

The autophagy-related protein microtubule-associated protein 1 light chain 3b (MAP1LC3B/LC3) is cleaved and lipidated to form LC3-II, an important marker of autophagosomes^[@CR19]--[@CR21]^. Western blot analysis showed time-dependent increases in LC3-II levels in animals with mild, moderate, and severe injuries. In mice with a mid injury, LC3-II levels peaked before day 1 and then gradually decreased from days 3 to 7, whereas in mice with moderate or severe injury, LC3-II levels peaked between days 1 and 3, and then gradually decreased until day 7 (Fig. [1](#Fig1){ref-type="fig"}a, b). Consistent with these results, *Map1lc3b* mRNA levels in the cortex in animals with mild injury were significantly higher than those in sham animals on day 1 and then returned to normal levels from days 3 to 7. However, no substantial changes in *Map1lc3b* mRNA levels were observed in the animals with moderate or severe injury (Fig. [1c](#Fig1){ref-type="fig"}). In addition, immunohistochemistry revealed similar changes in levels of the LC3 protein among animals with mild, moderate, and severe injury (Fig. [1d, e](#Fig1){ref-type="fig"}). These results suggest that autophagosomes accumulate after mild, moderate, and severe trauma.Fig. 1The number of autophagosomes in the injured cortex increases after mild, moderate and severe TBI.**a** Western blot analysis of the levels of the autophagy-related protein LC3 in cortical tissue lysates obtained from sham and TBI mice 1, 3, and 7 days after injury. **b** The LC3-II levels shown in (**a**) are quantified and normalized to the β-actin. The data shown are presented as means ± SEM, *n* = 5--6, \**P* \< 0.05 and \*\**P* \< 0.01. **c** Relative mRNA levels (qPCR) of *lc3* in the sham and injured mouse cortex. The results are normalized to β-actin levels. The data are presented as means ± SEM, *n* = 3, \**P* \< 0.05 compared to the sham group. **d** Images of cortical brain sections obtained from sham and TBI mice. Sections were stained using an anti-LC3 antibody. Scale bar = 50 μm. **e** Integrated optical density analysis of the LC3 data shown in (**d**). The data are presented as means ± SEM, *n* = 5--6, \**P* \< 0.05, \*\**P* \< 0.01 compared to the sham group

The autophagy-related protein Beclin1 and the autophagy-related protein 12 (ATG12)--ATG5 complex are markers of the initiation and elongation of autophagic flux^[@CR19]^. We found that the protein levels of Beclin1 and the ATG12--ATG5 conjugate in animals with mild injury were markedly increased on days 1 and 3 compared with sham controls and then gradually decreased to a normal level by day 7. The mRNA levels of *beclin1* and *atg5* were also dramatically increased in these animals on day 1 and then decreased to a normal level on days 3 and 7. However, in the moderate and severe injury groups, there was no significant increase in the protein levels of Beclin1 or the ATG12--ATG5 conjugate or the mRNA levels of *beclin1* and *atg5* (Fig. [2a--e](#Fig2){ref-type="fig"}). The protein levels of Beclin1 and the ATG12--ATG5 conjugate, and the mRNA levels of *beclin1* and *atg5* are therefore altered by the severity of trauma following TBI. These results suggest that the initiation of autophagy is increased by mild TBI but not moderate or severe TBI.Fig. 2The initiation of autophagy is increased in response to mild injury, but shows no substantial change in response to moderate and severe injury.**a** Western blot analysis of the levels of the autophagy-related protein Beclin1 and the ATG12--ATG5 conjugate. **b** The Beclin1 levels shown in (**a**) are quantified and normalized to the β-actin levels. The data are presented as means ± SEM, *n* = 5--6, \**P* \< 0.05. **c** The ATG12--ATG5 conjugate levels shown in (**a**) are quantified and normalized to the β-actin levels. The data are presented as means ± SEM, *n* = 5--6, \**P* \< 0.05. **d** Relative mRNA levels (qPCR) of *beclin1* in the sham and injured mouse cortex. The results are normalized to β-actin levels. The data shown are presented as means ± SEM, *n* = 3, \*\**P* \< 0.01 compared to the sham group. **e** Relative mRNA levels (qPCR) of *atg5* in the sham and injured mouse cortex. The results are normalized to β-actin levels. The data are presented as means ± SEM, *n* = 3, \**P* \< 0.05 compared to the sham group

Ubiquitinated cargoes, which include injured organelles and potentially toxic protein aggregates, are delivered to autophagosomes by the receptor protein sequestosome 1 (SQSTM1), which targets the cargoes along with other autophagy substrates for degradation by autolysosomes^[@CR22]--[@CR24]^. Hence, an increase in the SQSTM1 level reflects a decrease in autolysosomal functions. The results of immunohistochemistry and western blot assays revealed gradual reductions in the level of the SQSTM1 protein on days 1, 3, and 7 after mild TBI, whereas SQSTM1 levels markedly increased on days 1 through 3 after moderate or severe TBI and then gradually decreased through day 7 (Fig. [3a--d](#Fig3){ref-type="fig"}). Moreover, in animals with mild TBI, the mRNA level of *sqstm1* was slightly increased on day 1 after mild injury but was not significantly increased on days 3 and 7. However, no substantial change in the mRNA level of *sqstm1* was observed at any time point following moderate or severe TBI (Fig. [3e](#Fig3){ref-type="fig"}). The pH within a lysosome can be increased by chloroquine (CQ), and CQ treatment inhibits lysosomal degradation functions^[@CR25]^. We performed a LC3-II turnover experiment to directly analyze whether autophagic flux is altered following mild, moderate, and severe TBI. Two hours after CQ administration, the protein level of LC3-II in the injured cortex was significantly increased in the mild TBI group, but not the moderate and severe TBI groups, compared with the saline-treated group (vehicle-treated group) (Fig. [3f, g](#Fig3){ref-type="fig"}). To further determine the effect of different severities of trauma on autophagic flux, we stereotactically injected adeno-associated virus (AAV)-mRFP-GFP-LC3 into the mouse cortex to create a mRFP-GFP-LC3-mouse model. Then, these mice were subjected to TBI 3 weeks after the injection. The GFP signal is sensitive to the acidic conditions of the lysosome lumen, whereas mRFP is more stable. Therefore, yellow puncta formed by the colocalization of GFP and mRFP fluorescence indicate autophagosomes, whereas red puncta denote autolysosomes. The percentage of red puncta was significantly increased, while the percentage of yellow puncta was decreased on days 1, 3 and 7 in the mild-injury group compared with the sham group. However, in the moderate- and severe-injury groups, the differences in the percentages of red and yellow puncta were reversed (Fig. [3h, i](#Fig3){ref-type="fig"}).These data confirm that autophagosome clearance is impaired after moderate and severe TBI.Fig. 3Autophagic flux is impaired in the cortex after moderate and severe TBI but not mild TBI.**a** Western blot analysis of SQSTM1 levels in cortical tissue lysates obtained from sham and TBI mice. **b** The SQSTM1 levels shown in (**a**) are quantified and normalized to the β-actin levels. The data are presented as means ± SEM, *n* = 5--6, \**P* \< 0.05, \*\**P* \< 0.01. **c** Images of cortical brain sections obtained from sham and TBI mice stained with antibodies against SQSTM1. Scale bar = 50 μm. **d** Integrated optical density analysis of the SQSTM1 data are shown in (**c**). The data are presented as means ± SEM, *n* = 5--6, \**P* \< 0.05, \*\**P* \< 0.01 compared to the sham group. **e** Relative mRNA levels (qPCR) of *sqstm1* in sham and TBI mice. The results are normalized to β-actin levels. The data are presented as means ± SEM, *n* = 3, \**P* \< 0.05 compared to the sham group. **f** Western blot analysis of LC3 levels in the ipsilateral cortex of CQ-treated mice in the sham and TBI groups. **g** The LC3-II levels shown in **(f)** are quantified and normalized to the β-actin levels. The data are presented as means ± SEM, *n* = 3, \*\**P* \< 0.01. **h** Images of cortical brain sections obtained from sham and TBI mice injected with AAV-mRFP-GFP-LC3. Arrows indicate the presence of red puncta. Scale bar = 40 μm. **i** Quantification of the percentage of autolysosomes (red puncta/total puncta) and autophagosomes (yellow puncta/total puncta) in the images shown in (**h**). The data are presented as means ± SEM, *n* = 3, \**P* \< 0.05, \*\**P* \< 0.01 compared to the sham group. More than 100 cells were quantified for each mouse in each experiment

These results collectively indicate that autophagic flux is impaired after moderate and severe TBI but not mild TBI.

CQ impairs autophagic flux in the injured cortex and exacerbates the prognosis of mild TBI-induced brain injury {#Sec4}
---------------------------------------------------------------------------------------------------------------

To explore the influence of impaired autophagic flux on the prognosis of brain injury, we used CQ to block autophagic flux in the injured side of the brain in mice subjected to mild TBI. We then detected the number of apoptotic cells in the injured cortex, the brain water content, and the neurological severity score (NSS) in the CQ-treated and saline-treated groups. The number of apoptotic cells in the injured cortex (Fig. [4a, b](#Fig4){ref-type="fig"}), the brain water content (Fig. [4c](#Fig4){ref-type="fig"}), and the NSS (Fig. [4d](#Fig4){ref-type="fig"}) were higher in the CQ-treated group than in the saline-treated group. Thus, the prognosis of mild brain injury is exacerbated when CQ is used to impair autophagic flux.Fig. 4CQ impairs autophagic flux in the injured cortex of WT mice after mild TBI and exacerbates the prognosis of brain injury.**a** Images of apoptotic cells in cortical brain sections obtained from WT mice subjected to sham surgery or mild TBI that were administered CQ or saline. The results of TUNEL staining performed 1 day after sham surgery or mild TBI are shown. Arrows indicate TUNEL-positive cells. Scale bar = 50 μm. **b** Quantification of the number of TUNEL-positive cells in the cortical brain sections are shown in (**a**). The data are presented as means ± SEM, *n* = 5--6, \*\**P* \< 0.01 compared to the control group. **c** Brain water content of WT mice 1 day after mice were subjected to sham surgery or mild TBI and then administered CQ or saline. The results were obtained using the wet--dry method. The data are presented as means ± SEM, *n* = 3, \**P* \< 0.05 compared to the control group. **d** Neurological severity scores in WT mice subjected to sham surgery or mild TBI and then administered CQ or saline. Scores were obtained at 1, 3, and 7 days after sham surgery or mild TBI; the medians for all subjects are shown as the center line, the boxes represent the 25th--75th percentiles, and the lines show the range of the data, *n* = 7, \**P* \< 0.05, \*\**P* \< 0.01 compared to the control group at each time point

A~2A~R KO or inhibition improves the prognosis of brain injury after moderate TBI {#Sec5}
---------------------------------------------------------------------------------

Previous studies have shown that the presence of a large amount of adenosine induces the activation of A~2A~R after TBI^[@CR18],\ [@CR26]^. To determine whether A~2A~R activation exacerbates brain damage after moderate TBI, we counted the number of apoptotic cells in the injured cortex and measured the brain water content and NSS in WT and A~2A~R KO mice after inducing moderate TBI and in WT mice that were administered the A~2A~R antagonist 4-(2-{\[5-amino-2-(2-furyl)\[1,2,4\]triazolo\[1,5-a\]\[1,3,5\]triazin-7-yl\]amino}ethyl)phenol (ZM241385) immediately after the induction of moderate TBI. The number of apoptotic cells in the injured cortex (Fig. [5a, b](#Fig5){ref-type="fig"}), the brain water content (Fig. [5c](#Fig5){ref-type="fig"}), and the NSS (Fig. [5d](#Fig5){ref-type="fig"}) were lower in the A~2A~R KO group than in the WT group and lower in the antagonist-administered group than in the DMSO-administered group (vehicle-administered group). Based on these results, A~2A~R KO or inhibition improved the prognosis of brain injury in mice with moderate TBI.Fig. 5A~2A~R KO or inhibition improved the prognosis of brain injury after moderate TBI.**a** Images of apoptotic cells in cortical brain sections obtained from the WT + TBI, A~2A~R KO + TBI and WT + TBI + ZM241385 groups using TUNEL staining 1 day after sham surgery or moderate TBI. Arrows indicate TUNEL-positive cells. Scale bar = 50 μm. **b** Quantification of the number of TUNEL-positive cells in the cortical brain sections are shown in (**a**). The data are presented as means ± SEM, *n* = 3, \*\**P* \< 0.01 compared to the WT + TBI group. **c** Brain water content in the WT + TBI, A~2A~R KO + TBI and WT + TBI + ZM241385 groups 1 day after sham surgery or moderate TBI. The results were measured using the wet--dry method. Th data are presented as means ± SEM, *n* = 3, \**P* \< 0.05 compared to the WT + TBI group. **d** Neurological severity scores of the WT + TBI, A~2A~R KO + TBI and WT + TBI + ZM241385 groups at the indicated time points. Scores were obtained at 1, 3, and 7 days after sham surgery or moderate TBI; the medians for all subjects shown as the center lines, the boxes represent the 25th--75th percentile, and the lines show the range of the data, *n* = 7, \**P* \< 0.05 compared to the WT + TBI group at each time point

Impaired autophagic flux is alleviated in the injured cortex of A~2A~R KO mice with moderate TBI {#Sec6}
------------------------------------------------------------------------------------------------

Western blot analysis showed increased protein levels of Beclin1 and the ATG12--ATG5 conjugate in the injured cortex of A~2A~R KO mice with moderate TBI (Fig. [6a--c](#Fig6){ref-type="fig"}), and the LC3-II level was markedly reduced (Fig. [6a, d](#Fig6){ref-type="fig"}). However, significantly higher mRNA levels of *beclin1*, *atg5* and *lc3* were observed in A~2A~R KO mice than in WT mice (Fig. [6e--g](#Fig6){ref-type="fig"}). These results suggest that A~2A~R KO increased the initiation of autophagy and decreased the accumulation of autophagosomes in the injured cortex.Fig. 6A~2A~R KO increased the initiation of autophagy and decreased the accumulation of autophagosomes in injured cortex after moderate TBI.**a** Western blot analysis of the levels of the autophagy-related protein Beclin1, the ATG12--ATG5 conjugate, and LC3 in cortical tissue lysates obtained from the sham and moderate TBI groups of WT and KO mice. **b** Beclin1 levels shown in (**a**) are quantified and normalized to β-actin levels. The data are presented as means ± SEM, *n* = 5--6, \**P* \< 0.05. **c** ATG12--ATG5 conjugate levels shown in (**a**) are quantified and normalized to β-actin levels. Data are presented as means ± SEM, *n* = 5--6, \**P* \< 0.05. **d** LC3-II levels shown in (**a**) are quantified and normalized to β-actin levels. The data are presented as means ± SEM, *n* = 5--6, \*\**P* \< 0.01. **e** Relative mRNA levels (qPCR) of *beclin1* in sham and TBI mice are normalized to β-actin levels. The data are presented as means ± SEM, *n* = 3, \**P* \< 0.05 for the comparison between the WT + TBI and KO + TBI groups. **f** Relative mRNA levels (qPCR) of *atg5* in sham and TBI mice are normalized to β-actin levels. The data are presented as means ± SEM, *n* = 3, \**P* \< 0.05 for the comparison between the WT + TBI and KO + TBI groups. **g** Relative mRNA levels (qPCR) of *lc3* in sham and TBI mice are normalized to β-actin levels. The data are presented as means ± SEM, *n* = 3, \*\**P* \< 0.01 for the comparison between the WT + TBI and KO + TBI groups

Moreover, in the injured cortex, a significantly lower protein level of SQSTM1 was observed in A~2A~R KO mice than in WT mice (Fig. [7a, b](#Fig7){ref-type="fig"}), but the mRNA level of *sqstm1* was not significantly altered (Fig. [7c](#Fig7){ref-type="fig"}). In the LC3-II turnover experiment, the protein level of LC3-II was significantly increased in the ipsilateral cortex of both the sham and A~2A~R KO mice with moderate TBI 2 h after CQ treatment (Fig. [7d, e](#Fig7){ref-type="fig"}), but no significant increase was observed in the WT mice with moderate TBI compared with the saline-treated mice (Fig. [3f, g](#Fig3){ref-type="fig"}). The results of immunofluorescence assays also revealed that fewer cells from the injured cortex of A~2A~R KO mice displayed colocalization of LC3 and SQSTM1 than cells from the injured cortex of WT mice (Fig. [7f, g](#Fig7){ref-type="fig"}). These data confirm that A~2A~R KO increases autophagosome clearance in the injured cortex following moderate TBI.Fig. 7A~2A~R KO improved impaired fusion of autophagosomes with lysosomes.**a** Western blot analysis of SQSTM1 levels in cortical tissue lysates from the sham and moderate TBI groups of WT and KO mice. **b** SQSTM1 levels shown in (**a**) are quantified and normalized to β-actin levels. The data are presented as means ± SEM, *n* = 5--6, \*\**P* \< 0.01. **c** Relative mRNA levels (qPCR) of *sqstm1* in sham and TBI mice are normalized to β-actin levels. The data are presented as means ± SEM, *n* = 3. **d** Western blot analysis of LC3 levels in the ipsilateral cortex of CQ- or saline-treated KO mice in the sham and moderate TBI groups. **e** LC3-II levels shown in (**d**) are quantified and normalized to β-actin levels. The data are presented as means ± SEM, *n* = 3, \*\**P* \< 0.01. **f** Images (×20) of sections of the injured cortex from WT and KO mice in the sham and moderate TBI groups. Sections were stained with antibodies against LC3 and SQSTM1. Scale bar = 10 μm. **g** Quantification of the numbers of cells that were positive for LC3 alone and for both LC3 and SQSTM1 in the cortical brain sections shown in (**f**). The data are presented as means ± SEM, *n* = 3, \*\**P* \< 0.01 for the comparison between the KO + TBI and WT + TBI groups. More than 1000 cells were quantified for each mouse in each experiment

Discussion {#Sec7}
==========

The presence of an impairment in autophagic flux in the injured cortex after TBI depends on the severity of trauma {#Sec8}
------------------------------------------------------------------------------------------------------------------

Although many studies have shown that the prognosis of TBI is improved by strategies regulating autophagy, this finding remains controversial. Various authors have proposed that beneficial effects of treatments designed to enhance or inhibit autophagy after TBI^[@CR7]--[@CR15]^. Our data demonstrate that the protein levels of the Beclin1 and the ATG12--ATG5 conjugate, which are involved in the initiation and elongation of autophagy, and of LC3-II, which is closely related to the number of autophagosomes in a cell, are substantially increased in the injured cortex after mild TBI. The mRNA levels of *beclin1*, *atg5* and *lc3* were consistent with the observed protein levels of Beclin1, the ATG12--ATG5 conjugate and LC3-II. However, the level of the SQSTM1 protein, an indicator of autolysosomal function, was reduced. In addition, we administered CQ, which increases the pH within the lysosome, to the injured cortex of animals with mild TBI and found that CQ impaired autophagic flux. A significantly higher LC3-II level was detected in the CQ-treated group than in the saline-treated group. Moreover, in the autophagic flux assay, we observed an increase in the percentage of red puncta and a decrease in the percentage of yellow puncta, indicating an increase in the percentage of autolysosomes and a decrease in the percentage of autophagosomes after mild injury. These data demonstrate that, while autophagic flux was normal following mild TBI, the initiation of autophagy and the formation of autolysosomes were enhanced. In moderate and severe TBI, no substantial changes in the levels of the Beclin1 protein and the ATG12--ATG5 conjugate were observed. Additionally, the LC3-II and SQSTM1 levels were markedly increased, but no clear increase in the mRNA levels of *beclin1*, *atg5*, *lc3* and *sqstm1* was detected. Moreover, in the LC3-II turnover experiment, the levels of LC3-II protein did not differ between the saline-treated animals and the CQ-treated animals and in autophagic flux assay, we observed a reduction in the percentage of autolysosomes and an increase in the percentage of autophagosomes after moderate and severe TBI. These data reveal that in animals with moderate and severe TBI, the initiation of autophagy is not changed, and autophagosomes subsequently accumulate in cells because autophagic flux is impaired. The increased number of autophagosomes negatively impacts prognosis of brain injury because autophagy itself is attenuated. A previous study published by Sarkar et al.^[@CR16]^ showed that autophagic flux was impaired after TBI, but the authors did not discuss the conditions or causes associated with this occurrence. Therefore, it remains difficult to explain why many studies have found that enhancing the initiation of autophagy during the early stage after TBI is beneficial to brain injury prognosis^[@CR13],\ [@CR27]--[@CR31]^. Our data indicate that autophagic flux is impaired after moderate and severe TBI but not mild TBI. It is therefore reasonable to treat patients differently according to the severity of trauma associated with their TBI. In a patient with a mild injury, the prognosis of brain injury will improve when the initiation of autophagy is enhanced because autophagic flux is normal. However, when autophagic flux is impaired, as in patients with moderate and severe TBI, strategies that inhibit the initiation of autophagy will reduce the accumulation of autophagosomes and promote the fusion of autophagosomes with lysosomes, accelerating autophagosome clearance and subsequently reducing brain damage.

Impaired autophagic flux exacerbates the severity of trauma {#Sec9}
-----------------------------------------------------------

In our study, we used CQ to impair the autophagic flux in the injured cortex after mild TBI and found that the number of apoptotic brain cells, the brain water content, and NSS were higher in the CQ-treated group than in the saline-treated group. These results indicate that the prognosis of mild brain injury is exacerbated when CQ is used to impair autophagic flux. Therefore, treatments that alleviate the severity of trauma by alleviating the impairment in autophagic flux after TBI would be beneficial. Although some methods designed to regulate autophagy are currently available, treatments that improve impaired autophagic flux are still lacking. Thus, we next explored the mechanism of impaired autophagic flux after TBI.

A~2A~R KO enhances the ability of cells to avoid injury by alleviating the impairments in autophagic flux in animals with moderate TBI {#Sec10}
--------------------------------------------------------------------------------------------------------------------------------------

In the present study, we observed higher protein levels of Beclin1 and the ATG12--ATG5 conjugate, lower protein levels of LC3-II and SQSTM1 and higher mRNA levels of *beclin1*, *atg5*, and *lc3* in the injured cortex of A~2A~R KO mice than in that of WT mice. No significant difference in the mRNA level of *sqstm1* was observed between the two groups. In addition, in an LC3-II turnover experiment, significantly higher LC3-II levels were detected in the injured cortex 2 h after CQ administration than in the injured cortex after saline treatment in A~2A~R KO mice. These results indicate that A~2A~R KO alleviated the impairment in autophagic flux by enhancing the initiation of autophagy and promoting fusion between autophagosomes and lysosomes in the injured cortex after moderate TBI. A~2A~R KO thereby prevented the accumulation of toxic metabolites and consequently improved recovery following brain damage. Although it has been confirmed that inhibition of A~2A~R reduces cell damage through a variety of ways^[@CR32]--[@CR37]^. In our experiment, we used CQ to impair autophagic flux in the injured cortex after mild TBI and found that the prognosis of mild brain injury was worsened when CQ was used to impair autophagic flux. However, this exacerbating effect was significantly reduced in A~2A~R KO mice **(**Fig. [S1A--D](#MOESM1){ref-type="media"}**)**. Thus, the A~2A~R inhibition-mediated alleviation of the impairment in autophagic flux is an important mechanism that reduces cell damage and decreases injury severity from TBI.

Previous studies have reported that the activation of A~2A~R reduces autophagy functions^[@CR38],\ [@CR39]^ and that the level of phosphorylated tau protein and the accumulation of amyloid plaques are reduced in A~2A~R KO mice^[@CR40]^. In recent years, dysfunctional autophagy has been implicated in neuronal cell loss in neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease^[@CR41]--[@CR43]^, and the transcription factor EB, a major regulator of autophagy and lysosome biogenesis, has emerged as a leading therapeutic factor in the pathology of these neurodegenerative diseases^[@CR43]^. Settembre et al. ^[@CR44]^. showed that ERK2 regulates the phosphorylation of transcription factor EB by studying the relationship between transcription factor EB and autophagy, ERK2 is a component of the classical A~2A~R pathway. Thus, A~2A~R may impair autophagic flux via an ERK2/ transcription factor EB pathway. However, the specific mechanism remains to be further confirmed.

Although many methods have been used to regulate autophagy, no methods designed to improve impaired autophagic flux are currently available. Here, we provide the first data showing that A~2A~R KO improved impaired autophagic flux by enhancing the initiation of autophagy and promoting the fusion of autophagosomes to lysosomes in mice with moderate TBI. A previous study suggested that primary brain cell death is inevitable after TBI. However, secondary brain cell death can be salvaged, and the key goal in these patients is to maintain a sufficiently high ATP level in brain cells^[@CR45]^. Autophagy is an important physiological process that provides cells with energy and plays an important role in brain cell survival after TBI. Therefore, strategies that enhance the initiation of autophagy and promote normal autophagic flux are key to eventually enhancing autophagy itself. Hence, A~2A~R antagonists that modulate autophagy in brain cells after TBI may represent an effective treatment option.

Conclusion {#Sec11}
----------

In summary, the number of autophagosomes increases after TBI, but whether autophagic flux is impaired determines whether autophagy exerts a protective effect against brain damage. Our findings provide critical evidence revealing significant differences in the influence of the severity of trauma on autophagic flux and show that A~2A~R activation may play an important role in impairing autophagic flux in response to moderate TBI. Therefore, any analysis of autophagic flux after TBI should consider the severity of trauma, and we propose that regulating A~2A~R is a promising strategy for treating moderate TBI because inhibiting A~2A~R alleviated the TBI-induced impairments in autophagic flux.

Methods and Materials {#Sec12}
=====================

Animals {#Sec13}
-------

A~2A~R KO mice were established using gene targeting, as previously described. The mice used in this study were provided by Dr. Chen^[@CR40],\ [@CR41]^. Congenic global A~2A~R KO mice with a C57BL/6J background were generated by backcrossing global A~2A~R KO mice with a mixed (129-Steel × C57BL/6J) genetic background to C57BL/6J mice for 13--15 generations. Their littermates were used as WT mice in these experiments. The mice were fed in a pathogen-free room with controlled humidity and temperature, and housed under a 12-h light/dark cycle in the Animal Care Center of the Research Institute of Surgery and Daping Hospital (The Third Military Medical University, Chongqing, China). Male mice aged 8--12 weeks that weighed 22--26 g were used in our experiments. Mice were allocated to the sham, mild TBI, moderate TBI and severe TBI groups using a random number table. All animal procedures were reviewed and approved by the Administration of Affairs Concerning Experimental Animals Guidelines of The Third Military Medical University.

TBI model {#Sec14}
---------

The controlled cortical impact method was used to produce mild, moderate, and severe TBI models according to the methods described in our previous protocol, which involve measuring brain water content and neurological deficit scores^[@CR46]^. Briefly, mice were anesthetized with 1.5% pentobarbital sodium at a dose of 50 mg/kg and then subjected to a 4--5-mm-diameter craniotomy in the left parietal cortex using a motorized drill. The center was placed between bregma and the lambdoid suture. We used an aerodynamic impact device (BRAIN INJURY DEVICE TBI-0310, PSI, USA) with a metal tip with a 3-mm-diameter metal tip to produce the controlled cortical impact. We used the following parameters: 1 mm below the dura for the mild TBI model, 2 mm below the dura for the moderate TBI model and 4 mm below the dura for the severe TBI model at an impact speed of 3.5 m/s. After the wound was sutured, we used an electric heating blanket to maintain the animals' body temperature until they were completely awake and able to move freely, which occurred approximately 3 h after the injury.

Neurologic severity scoring and edema evaluation {#Sec15}
------------------------------------------------

Mice were scored for neurologic severity at 1, 3, and 7 days after TBI using the method described by Petullo, D et al. ^[@CR47]^. Briefly, neuromuscular function, including forelimb flexion, torso twisting, lateral push, hindlimb placement, and forelimb placement; performance on an inclined board; mobility; vestibulomotor function, including performance on a balance beam; and complex neuromotor functions, including performance on a beam walk, were evaluated and given a score of 0--1 or 0--2 for neuromuscular functions, 0--6 for vestibulomotor functions and 0--5 for complex neuromotor functions. The brain water content was assayed using a wet--dry method at 3 days after TBI, as previously described^[@CR48]^. Briefly, the ipsilateral cortices were immediately removed, weighed (wet weight) and placed in an 80 °C incubator for 48 h. Then, the cortices were weighed again (dry weight). The brain water content was calculated as a percentage as follows: \[(wet weight -- dry weight) / wet weight\] × 100%.

Immunohistochemistry, immunofluorescence and TUNEL assays {#Sec16}
---------------------------------------------------------

Mice were anesthetized using 1.5% pentobarbital sodium at a dose of 50 mg/kg and then sequentially perfused with saline and 4% paraformaldehyde. Brains were dissected from the calvarium and post-fixed with 4% paraformaldehyde. Coronal sections (5 μm-thick) were cut from paraffin-embedded tissues and prepared for immunohistochemistry, immunofluorescence and TUNEL assays. Sections were incubated with the following primary antibodies overnight at 4 °C: anti-LC3B (1:200; Abcam, ab64781, Cambridge, USA), anti-SQSTM1 (1:200; Abcam, ab91526), and anti-SQSTM1 (1:200; Abcam, ab56416). For immunofluorescence analyses, sections were rewarmed for 30 min, washed with PBS, and then incubated with Alexa Fluor 488-conjugated (1:200; Abcam, ab150077) and Cy3-conjugated secondary antibodies (1:200; Abcam, ab97035) for 1 h at room temperature. Sections were then washed and mounted on slides using UltraCruz^TM^ hard-set mounting medium with DAPI (Santa Cruz Biotechnology, sc-359850, Dallas, TX, USA). For immunohistochemical analyses, after the sections were incubated with secondary antibodies, a streptavidin/peroxidase and diaminobenzidine substrate kit (ZSGB-BIO, Beijing, China) was used to visualize the results. TUNEL assays were performed on paraffin-embedded brain sections using an In Situ Cell Death Detection Kit, TMR red (Roche, 12156792910, California, USA). The total number of brain cells and the number of TUNEL-positive cells were manually counted; the apoptotic index (AI) was defined as the percentage of TUNEL-positive cells among the total number of brain cells^[@CR49],\ [@CR50]^. We used previously described methods and Image-Pro Plus 4.5 software (Media Cybernetics, Rockville, MD, USA) to analyze the results^[@CR46],\ [@CR51]^. All measurements were obtained from one field in each of three slices per mouse.

Real-time PCR {#Sec17}
-------------

Mice were anesthetized using 1.5% pentobarbital sodium at a dose of 50 mg/kg, and the brains were dissected from the calvarium at 1, 3 and 7 days after the inducti-on of mild, moderate and severe TBI. Total RNA was isolated from the injured cortex using TRIzol (Invitrogen, 10296010, Carlsbad, CA, USA) and then reverse-transcrib-ed. A SYBR Green kit (TaKaRa Bio Inc., RR820L, Shiga, Japan) was used for quan-titative PCR. The following primers were used to measure the levels of the *beclin1*, *atg5*, *map-1lc3b* and *sqstm1* mRNAs: *beclin1* (forward: 5′-AGGAACTCACAGCTCCAT-TAC-3′ and reverse: 5′-AATGGCTCCTCTCCTGAGTT-3′), *atg5* (forward: 5′-TTCATCCAGAAGCTGTTCCG-3′ and reverse: 5′-ATTGGCTCTATCCCGTGAATC-3′), *map1lc3-b* (forward: 5′-ACA-AAGAGTGGAAGATGTCCG-3′ and reverse: 5′-CCCCTTGTATCG-CTCTATAATCAC-3′), and *sqstm1* (forward: 5′-CCTATACCCACATCTCCCACC-3′ and reverse: 5′-TGTCGTAATTCTTGGTCTGTAGG-3′).

Western blot assays {#Sec18}
-------------------

Mice were anesthetized with 1.5% pentobarbital sodium at a dose of 50 mg/kg, perfused with ice-cold saline and then decapitated. Approximately 5 mm of the injured cortex was collected and homogenized in RIPA buffer (Thermo Fisher Scientific, 89901, Waltham, MA, USA) containing protease (Roche, 11836170001) and phosphatase (Sigma, P5726, St. Louis, MO, USA) inhibitors. Homogenates were centrifuged at 20,000 g for 20 min at 4 °C to collect the lysates. Protein concentrations were measured using BCA reagent (Thermo Fisher Scientific, 23225). Proteins (20 μg per sample) were resolved on 12% SDS-PAGE gels and then transferred to PVDF membranes (Millipore, IPVH00010, Massachusetts, USA). The Membranes were blocked with 5% nonfat milk and probed with the following primary antibodies overnight at 4 °C: anti-LC3B (1:1000; Sigma, L7543), anti-SQSTM1 (1:1000; Abcam, ab91526), anti-SQSTM1 (1:1000; Abcam, ab56416), anti-Beclin1 (1:1000, Santa Cruz Biotechnology, sc-11427), anti-Atg5 (1:1000; Abcam, ab78073), and anti-β-actin (1:1000; Abcam, ab8226). After an incubation with HRP-conjugated secondary antibodies, membranes were visualized using SuperSignal Chemiluminescent Substrates (Thermo Fisher Scientific, 34080).

LC3 turnover assay in injured brains {#Sec19}
------------------------------------

Mice were anesthetized with 1.5% pentobarbital sodium at a dose of 50 mg/kg on day 3 after TBI. Then, mice were fixed in a brain stereotaxic apparatus (Stoelting, 51750, USA) and the distal end of the injection tube of a microinjection system (RWD, 62322, 62204, 62104, China) was placed (bregma: AP, −2 mm; ML, 1.0 mm; and DV, 0.5 mm) in the injured cortex. A pressure injection was then performed to inject 2 μL of CQ (100 μM; Sigma, C6628) at a speed of 0.1 μL/min using a microinjection pump (Stoelting, 53311, USA). The injection tube was maintained in position within the injured cortex for 20 min after the injection was complete, and the wound was then sutured. Finally, the mice were anesthetized, perfused with ice-cold saline, and decapitated. Approximately 5 mm of the cortical area surrounding the injured cortex was collected and homogenized in RIPA buffer (Thermo Fisher Scientific, 89901) containing protease (Roche, 11836170001) and phosphatase (Sigma, P5726) inhibitors. Homogenates were centrifuged at 20,000 g for 20 min at 4 °C to collect the tissue lysates. Protein concentrations were measured using BCA reagent (Thermo Fisher Scientific, 23225), and lysates were analyzed using Western blot.

Autophagic flux measurement {#Sec20}
---------------------------

AAV-mRFP-GFP-LC3 was purchased from Hanbio (Shanghai, China) and stereotactically injected into ipsilateral cortex of mouse (2 μL) before 3 weeks before TBI. The injection system used for the LC3 turnover assay is described above. Briefly, the mice were anesthetized with 1.5% pentobarbital sodium at a dose of 50 mg/kg and then sequentially perfused with saline and 4% paraformaldehyde. Brains were dissected from the calvarium and post-fixed with 4% paraformaldehyde. Coronal sections (30 μm) were cut and photographed with a laser confocal microscope (Leica TCS SP8, Frankfurt, Germany). The relative fluorescence intensity was analyzed with Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA). GFP, but not mRFP, degrades in an acidic environment. Thus, yellow spots (merge of red and green) indicate autophagosomes, whereas red spots indicate autolysosomes. If autophagy is activated and the autophagic flux is normal, the red signal will dominate over the yellow signal. Meanwhile, if autophagic flux is impaired, more yellow signal than red signal will be observed.

ZM241385 injection {#Sec21}
------------------

The injection system used for the LC3 turnover assay is described above. The A~2A~R antagonist ZM241385 (1 mg/kg) was administered into the injured cortex immediately after mild TBI was induced. Mice were anesthetized and processed for TUNEL assays and to evaluate edema after 3 days and scored for neurologic severity after 1, 3, and 7 days.

Statistical analysis {#Sec22}
--------------------

All results are expressed as the means ± SEM. All semi-quantitative assessments of histological staining results were performed by a single investigator who was blinded to the genotypes of and treatments received by the experimental animals. Differences between two groups were analyzed using Student's *t* test for data that passed the normality and equal variance tests or the rank sum test for discontinuous variables, and statistical comparisons of more than two groups were performed using a one-way ANOVA followed by Bonferroni's post hoc test (parametric) or Kruskal--Wallis ANOVA followed by Dunn's post hoc test (nonparametric). A value of *P* \< 0.05 was considered statistically significant.
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